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ABSTRACT 1 
In order to assess the effects of critical zone processes on Mg concentrations and isotopic signatures 2 
of tropical streams, we studied a well constrained, highly weathered andesitic volcaniclastic 3 
catchment in the Luquillo Critical Zone Observatory, Puerto Rico. Our results indicate that dissolved 4 
Mg concentrations and isotope ratios in the regolith pore water are mainly controlled by rain input, 5 
with weathering inputs being more important at sites with thinner regolith (2.7 to 0.9 m deep) and at 6 
depth (> 8 m) on a thick ridgetop regolith (~10 m). In addition to mixing of precipitation and 7 
weathering-sourced Mg, an isotopic fractionation process is taking place between dissolved Mg and 8 
the regolith, likely during dissolution or recrystallisation of Fe(III)-(hydro)oxides under alternating 9 
redox conditions. Bulk regolith is isotopically heavier than both the bedrock and the exchangeable 10 
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fraction (δ26Mgregolith − bedrock = + 0.03 to + 0.47‰), consistent with the preferential incorporation of 11 
heavy 26Mg into secondary minerals with some exchange of sorbed Mg with isotopically lighter pore 12 
water. Magnesium concentrations in the stream show a typical dilution behaviour during a storm 13 
event, but the [Mg] − δ26Mg pattern cannot be explained by mixing of rain and pore water; the data 14 
are best explained by a steady state fractionation model with α = 1.00115. During baseflow the stream 15 
has δ26Mg = + 0.01‰, higher than any of the water samples or the bedrock. In-situ analysis of the Mg 16 
isotopic composition of bedrock minerals points at the dissolution of Mg-rich chlorite (δ26Mg = + 17 
0.19‰) as the most likely source of this isotopically heavy Mg, with mass balance calculations 18 
indicating chlorite dissolution is also the main source of Mg to the stream. Overall, our study 19 
highlights the importance of atmospheric input of nutrients to the vegetation in tropical areas covered 20 
by thick, highly leached regolith, whereas the Mg flux and Mg isotopic signature of watershed exports 21 
are dominated by bedrock dissolution delivered to the stream through deeper, usually un-sampled 22 
critical zone pathways. 23 
 24 
Keywords: Weathering, Mg isotopes, Mg cycle, critical zone, LCZO, Puerto Rico. 25 
 26 
1. INTRODUCTION 27 
 28 
Magnesium is an important cation in the global silicate weathering feedback that moderates 29 
atmospheric CO2 over geological time scales (e.g., Berner, 1995; Berner and Berner, 1997; Kump et 30 
al., 2000). In contrast to weathering proxies such as Li, which is mainly hosted in silicate minerals 31 
and is not involved in biological turnover (Tomascak et al., 2016), Mg is present in both silicate and 32 
carbonate rocks and is an essential nutrient for all life forms (Bullen, 2014; Schmitt et al., 2012). 33 
Because it is a major element in most rocks, waters, and plants, Mg is also less sensitive to the 34 
sampling and analytical issues that hamper trace element studies. Furthermore, Mg isotopes (24Mg, 35 
25Mg and 26Mg) are fractionated by chemical weathering (e.g., Liu et al., 2014; Pogge von 36 
Strandmann et al., 2012; Teng et al., 2010) and by the uptake by vegetation (e.g., Black et al., 2008; 37 
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Bolou-Bi et al., 2010, 2012; Tipper et al., 2010, 2012b), thus making them a promising tracer of both 38 
the geochemical and biological processes that occur in the weathering environment, which can affect 39 
the Mg isotopic composition of the streams. Consequently, a number of recent studies have examined 40 
Mg isotope ratios in the critical zone (see Bullen, 2014, for a recent review), defined here as the layer 41 
of terrestrial Earth extending from the bottom of the weathering zone to the top of the tree canopy. 42 
These studies have demonstrated that a range of (bio)geochemical processes can fractionate Mg 43 
isotopes, but the relative importance of these processes to Mg isotopic compositions in the critical 44 
zone is not well understood despite profound implications for understanding local and global Mg 45 
fluxes and cycles through time. 46 
The fractionation of Mg isotopes by primary mineral dissolution has been explained 47 
experimentally by two processes: the preferential release of 24Mg (e.g., Wimpenny et al., 2010) and 48 
the preferential dissolution of isotopically distinct phases (e.g., Ryu et al., 2011). However, the largest 49 
fractionations in silicate watersheds are thought to result from the incorporation of Mg into secondary 50 
minerals, with most field-based studies reporting that secondary clays are enriched in 26Mg relative to 51 
their parent rock, with a 26Mgrock − regolith of + 0.5‰ to + 1.5‰ (e.g., Bolou-Bi et al., 2012; Huang et 52 
al., 2012; Liu et al., 2014; Teng et al., 2010; Tipper et al. 2012b), although Ma et al. (2015) found 53 
soils similar or slightly lighter than the shale bedrock. This fractionation is generally expressed as an 54 
enrichment in the lighter isotope, 24Mg, in river waters relative to the rocks they drain (e.g., Bolou-Bi 55 
et al., 2012; Brenot et al., 2008; Pogge von Strandmann et al., 2012; Tipper at al., 2006, 2008). The 56 
mechanism of incorporation of the heavy isotope into clays is an area of active research, with field 57 
and experimental evidence suggesting that, apart from incorporation into the structure of the mineral, 58 
adsorption-desorption and ion exchange processes at mineral surfaces may also fractionate Mg 59 
isotopes in weathering, with the direction and extent of this fractionation still a matter of debate 60 
(Bolou-Bi et al., 2012; Huang et al., 2012; Jacobson et al., 2010; Li et al., 2014; Opfergelt et al., 2012, 61 
2014; Pogge von Strandmann et al., 2012; Tipper et al., 2010, 2012a; Wimpenny et al., 2015). 62 
The isotopic effects of Mg sorption onto secondary minerals other than clays, such as oxides 63 
and hydroxides, are essentially unknown, with no direct measurements published to date. 64 
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Nevertheless, several studies have found that sorption onto Al- or Fe-(hydr)oxides in both 65 
experimental and natural environments can isotopically fractionate other divalent metals (Cu, Zn, Fe) 66 
with a preference for the heavy isotope (e.g., Balistrieri et al., 2008; Pokrovsky et al., 2005; Mikutta 67 
et al., 2009). This fractionation can occur even at low pH for Fe(III)-hydroxides (e.g., Violante et al., 68 
2002), indicating Mg isotope fractionation by sorption-desorption into Al-or Fe-(hydr)oxides is 69 
possible in highly weathered regoliths, as interpreted by Liu et al. (2014) for the enrichment in 26Mg 70 
in bauxites relative to the bedrock. 71 
Fractionation of Mg isotopes by vegetation uptake has been demonstrated in laboratory (Black 72 
et al., 2008; Bolou-Bi et al., 2010) and field studies (Bolou-Bi et al., 2012; Tipper et al., 2010, 2012b; 73 
Opfergelt et al., 2014), with a general enrichment in 26Mg in plants relative to pore waters or nutrient 74 
solutions. There is also a fractionation within the plant associated with the translocation of Mg from 75 
roots to leaves, and with foliage age (Bolou-Bi et al., 2010, 2012). The effect of vegetation uptake has 76 
been regarded as a factor controlling the Mg isotopic composition of streams (Bolou-Bi et al., 2010, 77 
2012; Tipper et al., 2012b; Opfergelt et al., 2014), although less important than reactive transport 78 
during water-rock or water-soil exchange complex interactions (Bolou-Bi et al., 2012; Tipper et al., 79 
2012b; Opfergelt et al., 2014), which in turn depend on the sources of Mg, the flow paths and the flow 80 
rates of water through the critical zone, and on the rates of Mg isotope fractionation, which can only 81 
be known at the catchment scale. 82 
The vast majority of field-based studies of Mg isotopes has been focussed on temperate and 83 
arctic sites, in spite of the fact that the tropics are disproportionately more important, relative to their 84 
land area, in terms of weathering inputs to the oceans, biodiversity and climate change sensitivity 85 
(e.g., Chapin et al., 2010; Stallard and Edmond, 1983; Wohl et al., 2012). Equally, Mg isotope 86 
systematics during critical zone processes in temperate watersheds cannot be directly extrapolated to 87 
the tropics, which are different in a number of ways. One key difference is that the Mg isotope ratios 88 
of streams are strongly influenced by seasonality in temperate regions, expressing changes in critical 89 
zone processes such as vegetation uptake and water-rock interaction time (e.g., Bolou-Bi et al., 2012; 90 
Tipper et al., 2012b), whereas tropical, high precipitation sites have significantly less seasonality. The 91 
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hydrological functioning of tropical high precipitation catchments also has important peculiarities 92 
related to the thick, clay-rich saprolite that often mantles these environments, leading water to flow 93 
laterally along high-permeability, near-surface flow paths or via saturation-excess overland flow 94 
during intense rain events (Elsenbeer, 2001; Schellekens et al., 2004; Goller et al., 2005; Bonell, 95 
2005; Kurtz et al., 2011). Finally, recent studies on the Caribbean island of Guadeloupe have found 96 
that atmospheric inputs can have a strong influence on the δ26Mg of bulk soil (Dessert et al., 2015) 97 
and the exchangeable fraction (Opfergelt et al., 2012) of cation-depleted tropical regoliths. 98 
Aiming to fill the gap in Mg isotopic data from the tropics and to generally improve our 99 
understanding of the Mg cycle in the critical zone, here we examine the controls on the Mg dynamics, 100 
at several temporal and spatial scales, in a well-constrained tropical catchment in the Luquillo Critical 101 
Zone Observatory (LCZO), Puerto Rico (Fig. 1). Specifically, we seek to distinguish the biological 102 
from the geochemical components of the Mg cycle and to quantify their relative contributions to the 103 
Mg solute fluxes in the watershed. We hypothesize that the largest input to the whole critical zone Mg 104 
budget is the dissolution of bedrock minerals, and that dissolution-precipitation during weathering 105 
controls the δ26Mg of the deep critical zone over all the time scales studied. In the regolith, we 106 
hypothesize that Mg fluxes and δ26Mg values over short time scales (days to decades) are strongly 107 
affected by cycling by vegetation within the rooting zone, but are more influenced by dissolution of 108 
atmospheric dust over intermediate time scales (decades to kyears). In the stream, we expect the 109 
δ26Mg signature to reflect rain and shallow pore water during storm events and deeper critical zone 110 
sources during baseflow. 111 
To test these hypotheses, we measured the Mg concentrations and Mg isotopic ratios of 112 
precipitation; stream water during baseflow and storm flow; bedrock; vegetation; and depth profiles 113 
of pore water (at different topographic positions), bulk regolith and exchangeable Mg. We compare 114 
the relative influence of different Mg sources, fractionation processes and time scales on the Mg 115 
isotope signature of stream water at baseflow and storm flow. 116 
 117 
  
6 
 
2. FIELD SETTING 118 
Environmental data has been gathered in the Luquillo Mountains of north-eastern Puerto Rico for 119 
more than 20 years by the US Forest Service International Institute of Tropical Forestry (IITF), the 120 
US Geological Survey’s Water Energy and Biogeochemical Budgets (WEBB) project, and the NSF 121 
Long Term Ecological Research (LTER) program. Building on this history, the NSF Luquillo Critical 122 
Zone Observatory (LCZO) was founded in 2006. The LCZO, therefore, provides one of the best 123 
instrumented and contextualised sites in the world in which to study tropical critical zone processes. 124 
For this study, we focus on a small volcaniclastic catchment (Bisley 1) that is part of the Rio 125 
Mameyes watershed that drains north into the Atlantic Ocean (Fig. 1). This catchment is underlain by 126 
Cretaceous, marine-deposited, quartz-poor meta-volcaniclastic rocks of the Fajardo Formation (Jolly 127 
et al., 1998), which is dominated by thick-bedded tuff breccias with andesitic clasts, interbedded with 128 
coarse-grained tuff, tuffaceous sandstone and cherty siltstone (Briggs, 1973). The bedrock was altered 129 
during diagenesis and hydrothermal metamorphism, during which the fine-grained groundmass was 130 
devitrified, sericitized and chloritized; phenocrysts of biotite, plagioclase and augite were replaced by 131 
chlorite and actinolite (Buss et al., 2013; Table 1). 132 
The warm and humid climate of the Luquillo Mountains (Table 1) has favoured intense and 133 
rapid weathering (e.g., White et al., 1998; Dosseto et al., 2012), producing a mantle of regolith that 134 
can reach at least 37 m deep in the Bisley 1 catchment (Buss et al., 2013). Here we define all the 135 
weathered material developed over the bedrock as regolith (including saprolite and soil). The primary 136 
minerals of the volcaniclastic bedrock weather mostly in situ to microcrystalline disordered kaolinite 137 
and halloysite, illite, and Fe- and Al-oxides (Buss et al., 2017; Dosseto et al., 2012; Huffaker, 2002; 138 
Porder et al., 2015; Table 1). Occasional accumulations of Mn-oxides are visible in the saprolite as 139 
mm-thick layers. The deepest regolith also contains about 7 − 12 wt% chlorite and 2 − 4 wt% 140 
feldspars (Tables 1 and S3; Buss and White, 2012; Buss et al., 2017), consistent with an approach to 141 
parent rock composition at depth. This saprolite produces clay-rich but moderately well-drained 142 
ultisols (Scatena, 1989; Johnston, 1992) that are mantled by a thin layer of leaf litter in most areas. 143 
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We focused our work on a regolith depth profile from a ridgetop site (B1S1 in Fig. 1), 144 
classified as a Typic Haplohumult (Yi-Balan et al., 2014; Huffaker, 2002), for which major element 145 
chemistry, mineralogy, microbiology and physical properties have been presented in Buss et al. 146 
(2017) and Liermann et al. (2014). This regolith is highly leached, containing only secondary 147 
minerals and quartz above 8 m depth (Liermann et al., 2014) and, in contrast to the usual trends with 148 
depth (e.g., Brantley and Lebedeva, 2011), many parameters show a discontinuity at ~1 m depth. For 149 
instance, bulk density is expected to increase steadily with depth (Brady and Weil, 2007), but here it 150 
increases from 0.9 m to 1.5 m depth (Buss et al., 2017). Similarly, water contents are high throughout 151 
the profile (35 to 25 vol.%), but the minimum is reached from 0.9 m to 1.5 m depth (Buss et al., 152 
2017). The regolith is moderately to strongly acidic at all depths (average pH =3.6; Liermann et al., 153 
2014). A full soil pit description by horizon at this site can be found in Yi-Balan et al. (2014), who 154 
report two layers with redoximorphic features (mottling, red and gley layers) indicative of alternating 155 
redox conditions, most marked between 1.0 and 1.4 m depth. 156 
 157 
3. METHODS 158 
3.1 Sample collection 159 
 160 
We obtained splits of regolith from four cores augered during the installation of pore water samplers 161 
along a slope transect (Figs. 1, 4; Buss et al., 2017), from the top of a ridge (B1S1) to the riparian 162 
zone of Bisley 1 stream (B1S4, Figs. 1, 4), and from two bedrock cores drilled on the nearby road 163 
(Fig. 1; Buss et al., 2013). We selected a thin section from one of these cores for analysis of the Mg 164 
isotopic composition of individual minerals in the bedrock (sample B1W2 at 6.4 m depth in Buss et 165 
al., 2013; Table S1). 166 
To investigate the Mg cycle at different time scales we analysed the Mg isotopic composition 167 
of the regolith at the ridgetop site in three different reservoirs. 1) Pore water, which reflects processes 168 
at the scale of water residence time in the regolith (~2 years, Buss et al., 2017); 2) the exchangeable 169 
fraction (NH4-acetate extract, method in Buss et al., 2017), reflecting Mg sorbed onto minerals and 170 
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approximating longer-term bioavailability; and 3) the bulk solid, reflecting processes over the time 171 
scale of regolith development (~30 ky; Dosseto et al., 2012). 172 
The temporal variability of Mg concentrations in pore water, sampled from suction lysimeters, 173 
is discussed in Buss et al. (2017). We sampled lysimeters for Mg isotope analysis in November 2009. 174 
Samples were filtered to 0.45 µm (SFCA-membrane, Cole-Parmer) into acid-washed HDPE bottles 175 
following procedures used by the USGS at this site (e.g., Murphy and Stallard, 2012). Preliminary Mg 176 
isotope analyses were conducted at the Institute de Physique du Globe de Paris on pore waters 177 
collected from three of the four sites in January 2008 (Chapela Lara et al., 2014), and are presented 178 
here for comparison. 179 
Stream water samples were collected during a storm event in June 2011 at the gaged outlet of 180 
the catchment; major and some trace elements were analysed by ICP-AES. Openfall precipitation was 181 
collected above the canopy at the head of the catchment (Fig. 1). To calculate Mg fluxes at the 182 
catchment level we used the LTER online database for daily stream discharge from 2000 to 2005, 183 
daily rain discharge from 2000 to 2011 (Gonzalez, 2011a,b), and weekly chemical composition of the 184 
stream and precipitation from 2000 to 2010 (McDowell, 2010, 2012). 185 
Plant leaves and bark samples were collected at the ridgetop site (B1S1) by the USGS, oven 186 
dried and powdered. Here we present only the results of the bark of the predominant species, 187 
Tabonuco tree (Dacryodes excelsa), which accounts for 45.7% of the aboveground biomass in this 188 
catchment (Scatena et al., 1993). 189 
 190 
3.2 Elemental and isotopic analysis 191 
 192 
The elemental composition of the plant samples was measured by ICP-OES at the Central Analytical 193 
Laboratory in the Department of Crop and Soil Science, Oregon State University. Major and trace 194 
elements in pore water, bulk regolith, ammonium acetate extractable cations, and bedrock samples 195 
were analysed by the USGS by ICP-MS after multi-acid digestion, or by SGS Laboratories (Toronto, 196 
Ontario, Canada) by ICP-AES after lithium metaborate fusion digestion; much of this data was 197 
  
9 
 
presented in Buss et al. (2013, 2017) but Nb data and additional samples are presented here (Table 198 
S1). Splits of those samples (plant, regolith and bedrock samples) and rock standards were digested in 199 
an ultra-pure concentrated acid mixture (HF, HCl, HNO3) for Mg isotope analysis. 200 
We purified all samples using the cation exchange chemistry procedure detailed in Pogge von 201 
Strandmann et al. (2011). Briefly, an amount of sample containing ~1 µg Mg was dried, treated with 202 
HNO3+H2O2 to remove any organic matter, re-dissolved in 2M HNO3, and passed through two sets of 203 
chromatographic columns filled with Biorad AG50W X12 cation exchange resin. Because of high 204 
Ti/Mg ratios, bulk regolith samples underwent an additional purification step to remove Ti, whose 205 
ions cause interferences when measuring Mg isotopes in low-resolution mode of the MC-ICP-MS. 206 
For this, we used an additional set of columns with 0.25 mL of TRU-Spec resin and 7M HNO3 as the 207 
eluent (Pogge von Strandmann et al., 2012). We measured the Mg isotope ratios on a Thermo 208 
Neptune multi-collector ICP-MS at the Bristol Isotope Group laboratory, using the standard-sample 209 
bracketing technique (DSM-3 standard), with a concentration within ± 10% of that of the sample. 210 
Results were normalized using the common delta notation in per mil (Galy et al., 2003): 211 
‰ =
  

   
− 1× 1000    (1) 212 
where x can be 25 or 26. We monitored the long-term precision of our measurements with the Mg 213 
Cambridge-1 standard (CAM-1), which yielded δ26Mg = −2.56 ± 0.10 ‰ (2sd, n = 54) over a period 214 
of two years, and our pore water sample B1S1 (δ26Mg = − 0.77 ± 0.04 ‰, 2sd, n = 14). The accuracy 215 
and precision of our whole chemical and analytical procedure were assessed by repeated measurement 216 
of seawater and USGS rock standards BHVO-2 and BCR-2 (Table 2). The average 26Mg of seawater 217 
(− 0.85 ± 0.07 ‰, n = 13) is within analytical uncertainty of the values measured by Ling et al. (2011) 218 
and Foster et al. (2010), and its 2sd is used as the external reproducibility. 219 
The Mg-bearing minerals (pyroxene, amphibole and chlorite) in the thin section selected for in 220 
situ Mg isotope analyses (B1W2-2-2) were identified and quantified by elemental mapping using 221 
EDX analysis (Thermo 10 mm2 silicon drift detector), coupled with backscatter electron (BSE) 222 
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imaging on a scanning electron microscope (SEM, Hitachi S-3500N) at the University of Bristol. The 223 
elemental compositions of these minerals were then determined using WDS electron probe 224 
microanalysis (EPMA, Cameca SX100; Table S2). 225 
 The micro-scale Mg isotope composition of individual minerals and their Mg and Al 226 
concentrations were determined by UV femtosecond laser ablation coupled to a Thermo Neptune 227 
MC-ICP-MS (fsLA-MC-ICP-MS, Fem2) in the Helmholtz Laboratory for the Geochemistry of the 228 
Earth Surface at GFZ Potsdam. Instrumentation, data acquisition and evaluation procedures are 229 
detailed in Schuessler and von Blanckenburg (2014). Laser ablation was performed on individual 230 
mineral grains with a spatial resolution of less than 100 x 100 µm surface area, with less than 10 µm 231 
crater depth. The laser beam, with a diameter of ~25 µm, was scanned across the mineral surface to 232 
adapt to the irregular shape of the grains with repetition rates between 20 to 40 Hz. The high mass 233 
resolution mode of the MC-ICP-MS was used for Mg isotope ratios measurements, which is capable 234 
of resolving isobaric interferences during laser ablation (52Cr2+ on 26Mg+, 50Ti2+ and 50Cr2+ on 25Mg+, 235 
or 48Ca2+ and 48Ti2+ on 24Mg+; Oeser et al., 2014). Mass bias correction was performed using the 236 
komatiite glass GOR132-G as bracketing standard. We converted our results to -values relative to 237 
DSM-3 using a 26Mg value for GOR132-G of − 0.17 ‰ relative to DSM-3 (Oeser et al., 2014; 238 
Tables 3, S5). Silicon was used as an internal standard element (IS, determined independently) for 239 
determination of Mg and Al concentrations with an uncertainty estimated to be better than 5% (Table 240 
S1). 241 
At the current level of experience in the novel fsLA-MC-ICP-MS method for Mg isotope ratios 242 
measurement, we report a rather conservative estimate of uncertainty of ± 0.12‰ (2sd) for 25Mg and 243 
± 0.25‰ (2sd) for 26Mg, which are nevertheless sufficient to interpret the measured mineral 26Mg 244 
data within the scope of this study. This uncertainty is based on repeated measurements on reference 245 
materials during four analytical sessions (Table S3) and encompasses differences in the analyses 246 
induced by day to day instrument performance and tuning (Fig. S1). The measurements of BHVO-2G 247 
basaltic glass (average δ26Mg = − 0.17 ± 0.25‰, 2sd, n = 26) agree within uncertainty with published 248 
values from bulk rock analyses and the recommended value for this reference material (− 0.20 ± 249 
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0.07‰; Teng et al., 2015; Fig. S1, Table S3). To evaluate differences in δ26Mg between mineral 250 
phases in the rock sample, we also computed the student-t corrected 95% confidence intervals of the 251 
mean values from repeated individual laser ablation measurements on multiple grains (Fig. 8, Table 252 
3). Moreover, we validated the method on the specific chemical matrix composition of the 253 
investigated samples in this study. For this purpose glasses made from bulk sample powders B1W2-2-254 
2 and B1W2-6-2 (Table 2) by flux free fusion using an Ir strip heater (Stoll et al., 2008) were 255 
measured using fsLA-MC-ICP-MS. The obtained Mg isotope values are in good agreement with the 256 
bulk Mg isotope values of the same sample powders analysed by solution MC-ICP-MS after acid-257 
digestion and Mg column chemistry purification (Table 3, Fig. 8). 258 
 259 
4. RESULTS 260 
4.1 Mg loss and degree of weathering of the regolith 261 
 262 
Most cations are lost from the regolith between 1 m and 8 m depth (Buss et al., 2017), including Mg 263 
(Fig. 2c). The cation exchange capacity (estimated from the total NH4-acetate extractable cations) of 264 
this regolith is very low (Buss et al., 2017), from 0.5 cmolc kg-1 at 0.6 m depth to a maximum of 2.7 265 
cmolc kg − 1 at the deepest sample. Similarly, Mg contents are also low, from 1.47 to 10.1 mmol kg − 1 266 
(Fig. 2b), constituting only between 1% and 5% of the bulk Mg. Dissolved Mg in pore water is even 267 
lower and does not show a clear trend with depth (Fig. 2a), in contrast to the longer-term pools that 268 
increase progressively with depth below 1.2 m depth (Figs. 2b,c). 269 
To estimate the fraction of Mg remaining in the regolith after weathering has proceeded (fMg), 270 
we used the average composition of the bedrock samples (Table S1) as the starting parent material, 271 
and we chose Nb as the index element because it is comparatively immobile in tropical settings (e.g., 272 
Kurtz et al., 2000; Ma et al., 2007). The results describe a Mg-poor regolith characterised by a 273 
depletion profile from 9.7 m to 1.2 m depth (fMg from 0.14 to 0.01), that becomes slightly more 274 
enriched in Mg above 1.2 m depth (fMg = 0.1 at the surface, Fig. 3a). 275 
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To measure the overall degree of alteration of the regolith we used the Parker Index of 276 
Weathering (WIP), regarded as the most appropriate alteration index for heterogeneous parent rocks 277 
and highly weathered regolith, because it includes only the most mobile oxides and allows for Al 278 
mobility. This index is calculated from molar concentration proportions as (Price and Velbel, 2003): 279 
WIP= 100 ∙ "#$%&'.)* + ,-&'.. + #/&'.#* + 0%&'.1 2     (2) 280 
where a fresh rock can have WIP >100 and a totally weathered sample would have WIP = 0. The 281 
regolith at the ridgetop site (B1S1) is the most weathered of the four; the two located on slopes (B1S2 282 
and B1S3) achieve similar alteration to the ridgetop site, but over much less depth (Fig. 3b). The 283 
thinnest profile, at the riparian site (B1S4), is the least altered at depth and has the largest variation in 284 
WIP, going from values typical of fresh rock (~300) to a WIP of 37 over less than a meter of depth 285 
(Fig. 3b). 286 
 287 
4.2 Mg and 26Mg of water and vegetation 288 
 289 
Magnesium concentrations, [Mg], in openfall ranged between 2 and 150 µM L−1 from 2000 to 2010 290 
(Table S4). Mg in pore water ranged between 4.9 µM to 37.3 µM L − 1 during 2008, with the highest 291 
values in the valley site B1S4 (Table S5; Buss et al., 2017). Magnesium concentration in pore water is 292 
most variable in surficial samples (varying by up to 9.7 µM L−1 on the ridgetop site), and 293 
comparatively stable below 4 m depth (Fig. 4). This variation does not otherwise follow a clear 294 
pattern with depth but, on average, the lowest values are in the uppermost samples and the highest 295 
below 4 m depth (Fig. 4; Buss et al., 2017). Compared with the longer-term pools represented by the 296 
exchangeable fraction and the bulk regolith, Mg is the most variable in the short-term pool 297 
represented by pore water (Fig. 2a). 298 
The Mg isotope composition of all samples is summarised in Fig. S1 and Table 2. The 299 
measured 26Mg values of local openfall precipitation (− 1.10‰ to − 0.92‰) are within uncertainty or 300 
slightly lower than seawater 26Mg (− 0.85 ± 0.07‰). Tabonuco bark (the dominant species in this 301 
ecosystem), has δ26Mg = − 0.72‰, within the range of published vegetation values but lighter than 302 
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most plants collected in the field (Schmitt et al., 2012, and references therein). Pore water δ26Mg in 303 
the ridgetop profile (B1S1) shows a clear trend with depth (r = 0.96), increasing from − 0.78‰ at the 304 
surface (0.15 m) to − 0.22‰ at 9.3 m depth (Fig. 5). Within this trend there is a heavy excursion from 305 
0.6 to 1.2 m depth, with δ26Mg reaching a local maximum of − 0.67‰ at 0.9 m depth (Table 2, Fig. 306 
5). A similar pattern is apparent in the other profiles along the slope transect, and three of them also 307 
record a heavy excursion in δ26Mg at ~ 1 m depth (Fig. 6). These features are present in samples 308 
collected both in 2008 and in 2009 (Chapela Lara et al., 2014; shown for the ridgetop site in Fig. 6). 309 
The valley site has higher [Mg] and 26Mg than the other sites (e.g., B1S1 26Mg = – 0.78‰, B1S4 = 310 
– 0.59‰), consistent with its lower degree of weathering (Fig. 3b). 311 
Magnesium concentrations in the stream during the storm event varied between 10.6 µM L−1 312 
and 45.7 µM L−1, similar to values reported by Schellekens et al. (2004) in the neighbouring Bisley 2 313 
catchment during storm flow and baseflow, respectively. The 26Mg values ranged from + 0.01‰ to − 314 
0.74‰, lower than the bedrock and the bulk regolith except for the end of the event when the stream 315 
returned to a low-level stage (Fig. 7). Mg isotope ratios and [Mg] in the stream samples are linearly 316 
correlated (r2 = 0.98), with the highest [Mg] and heaviest 26Mg values (+ 0.01‰) during baseflow 317 
and the lowest [Mg] and lightest 26Mg (− 0.74‰) during high stage (Fig. 7).  318 
 319 
4.3 Mg isotopic composition of the bulk regolith and the exchangeable fraction 320 
 321 
The 26Mg values of bulk regolith in the ridgetop site show a gradual enrichment in the heavy isotope 322 
as weathering proceeds, from values close to the bedrock at the deepest sample (δ26Mg = − 0.07‰, 323 
Fig. 5) to a maximum of + 0.37‰ at 1.8 m depth (Fig. 5); from 1.8 m to the shallowest sample (0.6 m 324 
depth) 26Mg decreases. The 26Mg of the exchangeable fraction of the regolith is the least variable of 325 
the three pools studied (pore water, exchangeable, bulk), with similar values to the bedrock from 9.3 326 
m up to 6 m depth. However it does show a decreasing 26Mg trend above 3 m depth, reaching δ26Mg 327 
= − 0.47‰ at the shallowest sample (0.6 m, Fig. 5). The difference in δ26Mg between the three pools 328 
studied increases towards the surface of the profile (Fig. 5). For example, the measured δ26Mgregolith − 329 
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pw is + 0.72‰ on average, but as low as + 0.15‰ at 9.7 m depth and as high as + 1.09‰ at 0.6 m 330 
depth. Pore water and the exchangeable fraction have similar δ26Mg values (∆26Mgexch − pw from + 331 
0.07‰ to + 0.37‰, Fig. 5). 332 
 333 
4.4 Mg isotopic composition of the bedrock 334 
 335 
The Mg isotope composition of the andesitic unweathered bedrock (− 0.17‰ to − 0.05‰) is within 336 
the range of published values for intermediate igneous rocks (Dessert et al., 2015; Teng et al., 2015). 337 
Mg-rich chlorite, the most abundant Mg-bearing phase in the bedrock (20.4 wt%, Buss et al., 2013), 338 
has an average δ26Mg of +0.19 ± 0.08‰ (2SEt, n=9) as determined by laser ablation MC-ICP-MS 339 
(Fig. 8, Table 3). This is considerably heavier than the value published by Ryu et al. (2011) from 340 
mineral separates of granite (− 1.82 ± 0.07‰), or by Pogge von Strandmann et al. (2015) from 341 
metamorphic chlorite at the slab-mantle interface (− 1.03 to + 0.02‰), although lighter samples from 342 
that study were altered by diffusion. The other Mg-bearing phases present in the rock, pyroxene and 343 
amphibole, have average δ26Mg values of − 0.16 ± 0.15‰ and − 0.33 ± 0.44‰, respectively (Fig. 8, 344 
Table 3), similar to published values for mineral separates of Fe-Mg silicates measured after 345 
dissolution (hornblende = − 0.32 to −0.14‰, Liu et al., 2010, and Ryu et al., 2011; biotite = − 0.40 to 346 
+ 0.44‰, Liu et al., 2010, Ryu et al., 2011, and Shen et al., 2009; olivine = − 0.27 ± 0.07‰, Teng et 347 
al., 2015).  348 
Using the abundances and Mg concentrations of chlorite (Buss et al., 2013), pyroxene and 349 
amphibole (Table S2), which are the three significant Mg-bearing minerals in the rock, together with 350 
their Mg isotope compositions (Table 3), we calculated a bulk rock [Mg] of 4.41 wt.% and an average 351 
δ26Mg of − 0.05‰, in reasonable agreement with the average measured values for the bulk bedrock 352 
(3.30 wt% Mg, Buss et al., 2013; δ26Mg = − 0.10‰, this work). 353 
 354 
5. DISCUSSION 355 
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5.1 Controls on the Mg and 26Mg of pore waters 356 
5.1.1 Atmospheric inputs 357 
 358 
To estimate the contribution of rain to pore water [Mg] we applied the common chlorine balance 359 
method to the ridgetop site (White et al., 2009; Buss et al., 2017), where we can assume vertical 1D 360 
water flow. We used the average [Mg] and [Cl] of pore water (Table S4), and the average [Mg] and 361 
[Cl] in openfall from 2006 to 2008. We estimate that rain-sourced Mg constitutes between 71% and 362 
93% of total Mg in pore water, resulting in very low rain-corrected Mg concentrations (1.1 to 7.7 µM 363 
L–1, Fig. 4). The maximum rain input is reached at 1.2 m depth and not in the most surficial samples 364 
as we expected. Furthermore, Mg concentrations (either raw or rain-corrected) do not show a clear 365 
trend with depth (Fig. 4), as opposed to the expected pattern of predominance of rain at the surface 366 
and a gradual increase of weathering inputs towards the base of the profile; no concentrating effect of 367 
evapotranspiration is apparent at the surface of the profile either. 368 
In contrast to Mg concentrations, δ26Mg values do show a clear trend with depth (r = + 0.96), 369 
with values close to those of rain near the surface and heavier values, close to those of bedrock, at 370 
depth (Fig. 5), as has been reported in regolith pore water at other sites (Bolou-Bi et al., 2012; Tipper 371 
et al., 2010). However, our pore water data do not plot along a straight line in δ26Mg vs. 1/Mg space 372 
(not shown) as would be expected for a two end-member mixing, indicating that a fractionation 373 
process is likely contributing to the Mg isotopic ratios of this profile, which is further discussed in 374 
Section 5.1.3. The heavy excursion at ~ 1 m depth cannot be explained by a difference in rain inputs 375 
either: at this depth samples have the highest rain inputs (Fig. 4), which would shift δ26Mg towards 376 
rain-like values (− 0.97‰), the opposite of what we observe (Fig. 5).  377 
Another source of atmospheric Mg input to the catchment could be Saharan dust, which has 378 
been found to be a significant source of nutrients to the Luquillo Mountains (e.g., Pett-Ridge, 2009; 379 
Pett-Ridge et al., 2009). However, Stallard (2001) did not observe a significant contribution of Mg in 380 
the desert-dust component of a 13 year study of precipitation at El Verde (8.2 km from our study site), 381 
consistent with our data not showing an enrichment in Mg in pore water near the surface of the 382 
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regolith (Figs. 2a, 4). The ultimate reason for the lack of dust-derived Mg in rain and pore water may 383 
be the fact that Saharan dust reaching Puerto Rico is composed of relatively insoluble secondary clays 384 
(more than 85% illite, kaolinite and montmorillonite; Reid et al., 2003), which are most likely to 385 
contribute to the Mg solid load rather than the dissolved load of the catchment as has been observed 386 
on the Caribbean island of Bermuda (Herwitz et al., 1996). Indeed, there is an enrichment of Mg in 387 
bulk regolith above 1.5 m depth (Figs. 2c, 3a) paired with a shift in δ26Mg towards silicate-like values 388 
(Fig. 5), whereas such features are not apparent in the most surficial pore water samples (Fig. 5). 389 
Atmospheric inputs to the bulk regolith are also evidenced by a small increase in the chemical 390 
alteration index above 1.2 m depth (Fig. 3b, Table S1), a feature that was also reported by Dosseto et 391 
al. (2012) at another ridgetop profile in this catchment. 392 
 393 
5.1.2 Vegetation uptake 394 
 395 
Because the soil at this site is strongly depleted in Mg and tropical vegetation tends to operate tight 396 
nutrient cycles close to the surface (Jordan and Herrera, 1981; Vitousek, 1984; Wood et al., 2009), we 397 
expected to find a strong fractionation effect of vegetation uptake over surficial pore water 26Mg. On 398 
the contrary, pore water samples within the rooting zone (0.0 to 0.6 m depth) have δ26Mg similar to 399 
rain (within the uncertainty of ±0.07‰), with ∆26Mgpw − rain  of  + 0.20‰ on average (Figs. 5, S2). This 400 
difference is lower than previously published studies, that commonly show an effect of vegetation 401 
uptake of around + 0.25‰ (e.g., Black et al., 2008; Bolou-Bi et al., 2010, 2012; Tipper et al., 2010, 402 
2012b), but that can be as high as + 1.05‰ (Bolou-Bi et al., 2010). The Tabonuco tree sample has 403 
δ26Mg = − 0.72‰, very similar to the surface pore water value of − 0.77‰, but we recognise that the 404 
largest Mg isotope fractionation is expected to occur at the root level (Bolou-Bi et al., 2010), which 405 
we did not analyse, and during intra-plant translocation (Black et al., 2008; Bolou-Bi et al., 2010, 406 
2012). Therefore, although the small differences in 26Mg between pore water, rain and vegetation
 
407 
suggest the effect of plant uptake on the isotopic composition of the soil over pore water residence 408 
times is likely to be minor, more extensive vegetation analyses are clearly required. 409 
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 410 
5.1.3 Geochemical mechanisms of Mg isotope fractionation in the regolith 411 
 412 
In Section 5.1.1 we found that rain is the main source of Mg to pore water (Fig. 4), with input from 413 
bedrock dissolution to the deepest samples (Figs. 5, 6), but that in addition to mixing between these 414 
two components a fractionation mechanism is also necessary to explain the observed 26Mg − [Mg] 415 
pattern. Because the effect of vegetation uptake on pore water δ26Mg is of subordinate importance 416 
below the rooting zone (0.6 m), this fractionation is likely due to geochemical reactions within the 417 
regolith. With the exception of minor illite (most of which is secondary), there are no primary Mg-418 
containing minerals left above 8 m depth in the regolith profile (Table S3; Buss et al., 2017), which 419 
limit the plausible geochemical fractionation processes to i) the precipitation or dissolution of 420 
secondary minerals, ii) the sorption or desorption of Mg onto/from secondary minerals (clays, 421 
gibbsite, goethite, or other (hydr)oxides of Fe, Mn or Al), and iii) microbial activity. 422 
The higher δ26Mg of bulk regolith relative to the bedrock and pore water (Fig. 5, S2) is 423 
consistent with secondary minerals preferentially incorporating the heavier 26Mg isotope, in 424 
agreement with most studies of δ26Mg in the weathering environment (e.g., Bolou-Bi et al., 2012; 425 
Huang et al., 2012; Liu et al., 2014; Teng et al., 2010; Tipper et al., 2010). Furthermore, the lower 426 
δ26Mg of the exchangeable fraction relative to the bulk regolith (Figs. 5, S2) is in agreement with 427 
recent experimental results that indicate that exchangeable Mg adsorbed into interlayer spaces and 428 
charged surface sites is relatively enriched in light 24Mg compared to the residual structural Mg in 429 
clay (Wimpenny et al., 2014). Nonetheless, the mineralogy of the regolith is dominated by kaolinite 430 
and other 1:1 clays (Table 1, S3), which can hold little Mg within its mineral lattice or at 431 
exchangeable sites, and we do not find a correlation between clay contents and δ26Mg in any of the 432 
regolith pools studied. 433 
The bulk regolith δ26Mg approximately increases as the contents of Fe(III)-(hydr)oxides also 434 
increase (r = + 0.62; Fig. 9a) and δ26Mg in the exchangeable fraction decreases (r = − 0.70; Fig. 9b). 435 
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These opposite trends suggest that the isotopically heavy Mg may be preferentially bound within the 436 
Fe(III) − (hydr)oxide grains, while isotopically light Mg forms readily exchangeable surface 437 
complexes. Thus when Fe(III)-(hydr)oxides dissolve during periods of reducing conditions (Liptzin 438 
and Silver, 2009), they would preferentially release 26Mg into the pore water. This explanation is 439 
supported by the coincidence in space of redoximorphic features indicative of temporarily reducing 440 
conditions (1.0 to 1.4 m depth; Yi-Balan et al., 2014), an increase in ferrous iron (Liermann et al., 441 
2014), and the heavy excursion in pore water δ26Mg at ~1 m depth. 442 
Another explanation for our observations can be that the Fe from soils in this catchment is 443 
composed predominately of short-range-order Fe phases (Peretyazhko and Sposito, 2005), which are 444 
subjected to extensive atom exchange and recrystallisation processes (Tishchenko et al., 2015). These 445 
‘ripening’ processes are known to expel trace metals from co-precipitated iron phases (e.g., Pedersen 446 
et al., 2005; Frierdich and Catalano, 2012) and could be expelling Mg to the more labile surface 447 
complexes as crystallinity increases, as suggested by an increase in exchangeable Mg as total Fe 448 
increases (r = + 0.60; Fig. 9c) and crystalline Fe(III)−(hydr)oxides decrease (r = − 0.72; Fig. 9d). This 449 
combined process would preferentially release the heavy isotope, as suggested by the inverse 450 
correlation between Fe(III)−(hydr)oxides and δ26Mg in the exchangeable fraction (Fig. 9b). This 451 
process could also account for the heavy excursion in pore water δ26Mg at ~ 1 m depth, because 452 
oscillating redox conditions have been shown to enhance the crystallisation of Fe(III)-(hydr)oxides 453 
phases (Thompson et al., 2006). 454 
Microbial metabolism might be yet another mechanism for Mg isotope fractionation within the 455 
regolith, as Mg is the most common divalent metal in living cells (e.g., Fagerbakke et al., 1999; 456 
Heldal et al., 2012). The fractionation of Mg isotopes by microbial activity has been demonstrated for 457 
forsterite dissolution (Oelkers et al., 2015), although other studies report negligible fractionation 458 
during Mg uptake by cyanobacteria (Mavromatis et al., 2012). In our regolith the abundance of 459 
microbial cells (Liermann et al., 2014) is correlated with δ26Mg in pore water (r = − 0.70; Fig. 9f), 460 
suggesting bacteria might be preferentially taking up the heavy isotope. If this were the case, we can 461 
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speculate that the fluctuating redox conditions from 1.0 to 1.4 m depth may cause periodic die-offs of 462 
microbial populations, releasing heavy 26Mg into the pore water, which is consistent with a sharp 463 
decrease in cell numbers at 1.1 m depth (Liermann et al., 2014) and with the heavy anomaly in pore 464 
water 26Mg (Fig. 5). 465 
  466 
5.2 Controls on the Mg and 26Mg of the stream 467 
5.2.1 Mixing, fractionation and the source of baseflow Mg 468 
 469 
Magnesium in the stream shows a typical dilution behavior, with the highest concentration during 470 
baseflow, becoming progressively lower as the storm proceeds. Mg isotope ratios seem to follow a 471 
similar dilution trend, with the heaviest values during baseflow (Fig. 7), so we expected the Mg 472 
isotopic composition of the stream to reflect mixing between baseflow Mg sources (deep pore water, 473 
groundwater) and stormwater sources (direct rainfall, runoff, and shallow pore water). However, Mg 474 
concentration and δ26Mg in the stream are strongly, linearly correlated (r 2 = 0.98) during the entire 475 
storm event (Figs. 10, 11), not following the expected pattern of binary mixing that would produce a 476 
hyperbola in a δ26Mg vs. Mg space (Langmuir et al., 1987). Likewise, there is a good correlation 477 
between δ26Mg and ln[Mg] (r2 = 0.92, not shown). These clear 26Mg – Mg trends suggest that, 478 
although dilution by storm sources may be controlling the stream [Mg] during the storm event, it is 479 
isotopic fractionation that is driving the 26Mg signature, in agreement with previous works that show 480 
fractionation due to weathering-related processes is the predominant factor controlling δ26Mg in small 481 
rivers (Tipper et al., 2006, 2008). 482 
Apart from following a linear trend in a 26Mg vs. Mg space, to account for the observed data 483 
any fractionation processes (± mixing with storm water sources) must fulfil two conditions: i) start 484 
from an initial reservoir with an isotopic composition that is at least as enriched in 26Mg as the 485 
baseflow (26Mg = + 0.01‰), and ii) be capable of modifying the stream 26Mg - Mg at the time scale 486 
of the duration of the storm event (~ 6 h; Fig. 5). 487 
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 488 
Baseflow source 489 
 490 
Our findings support a source of water to the stream deeper than any of the sampled pore waters, 491 
which have a maximum δ26Mg value of 	
, S2). This implies that there are 492 
sources other than rain and pore water contributing to the Mg budget of the stream, in agreement with 493 
indirect evidence from previous studies at the Bisley catchments using S isotopes (Yi-Balan et al., 494 
2014) and elemental chemistry (Schellekens et al., 2004). Among our sampled Mg-bearing reservoirs 495 
only chlorite (Fig. 8) or the bulk regolith above 8.2 m depth (Fig. 5) have the necessary heavy Mg 496 
isotope composition, but the dissolution rate of silicates, in the order of 10−14 to 10−16 mol m-2 s-1 (e.g., 497 
Buss et al., 2017; White and Buss, 2013), would make them irrelevant for a short storm event. 498 
Nevertheless, baseflow in this catchment is sustained throughout the whole year, thus reflecting water 499 
delivered through deeper pathways, with residence times larger than the shallow fast flow that 500 
predominates during storm events (Schellekens et al., 2004). Chlorite contains ~22 times more Mg 501 
than the bulk regolith in molar proportions, is the most abundant Mg-bearing phase in the bedrock 502 
(Tables 1, S2), and is more susceptible to dissolution than the kaolinite-rich, Mg-poor regolith at 503 
Earth’s surface conditions. Therefore, we consider chlorite as the most plausible phase determining 504 
the isotopically heavy Mg signature of the stream during baseflow. 505 
 506 
Fractionation processes 507 
 508 
Fractionation models are widely used to describe stable isotope ratios in rivers and calculate 509 
fractionation factors associated with weathering reactions (e.g., Dellinger et al., 2015; Georg et al., 510 
2007). The best-known examples are Rayleigh-like systems, where a mineral is dissolving without 511 
precipitation of a secondary phase. We develop such a model in the supplementary material, with 512 
water in equilibrium with dissolving chlorite as the starting material (Fig. 10a). However, because of 513 
the comparatively slow kinetics of silicate dissolution, it is problematic to claim that chlorite 514 
dissolution is the main control over the stream [Mg] − 26Mg on the hourly time scale of the storm 515 
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event. Alternatively, the linear trend of 26Mg vs. [Mg] in the stream (Figs. 10, 11) can be modelled 516 
using a mass balance approach (Bouchez et al., 2013; Dellinger et al., 2015), considering the small 517 
catchment as an open, flow-through system in which Mg is released to solution by one reaction while 518 
it is removed by another (e.g., incorporation into secondary minerals). As with chlorite dissolution, 519 
Mg uptake by secondary mineral precipitation is unlikely to control the stream chemistry at the time 520 
scale of a single storm event. On the other hand, ion exchange and sorption-desorption reactions are 521 
rapid enough to occur over 30 minute time scales and, in fact, ion-exchange has been proposed to be a 522 
first order control on stream chemistry (e.g., Berner, 1998; Clow and Mast, 2010) and on Mg isotope 523 
fractionation (Jacobson et al., 2010; Opfergelt et al., 2012). Therefore, although we do not have 524 
enough evidence to conclusively resolve if sorption or ion exchange are the primary cause of Mg 525 
isotope fractionation, we contend these are the only plausible mechanisms capable of fractionating 526 
Mg isotopes at the required hourly time scale. 527 
At steady state, all Mg inputs and outputs, as well as their isotopic compositions, are balanced 528 
and the Mg isotope composition of the stream can be modelled as: 529 
#34567%8 = #39 − ∆9,4<1 − =,->    (2) 530 
where δ26Mgstream and δ26Mgi, are the Mg isotopic compositions of the dissolved load in the stream and 531 
of the initial reservoir, respectively, ∆i,s is the separation factor between the initial reservoir and the 532 
stream  (∆  1000lnα), and fMg is the fraction of Mg from the initial reservoir. Our data are well 533 
explained by this model (Fig. 10b), with separation factors between + 0.95 and +1.35, and the best fit 534 
for i,,s = +1.15 and 26Mgi =  + 0.18‰, very close to the average composition of chlorite (+ 0.19 ‰, 535 
Table 3). According to this model, the heavy source (fMg) represents between 80% (baseflow) and 536 
20% (peak of the storm) of the dissolved Mg in the stream (Fig. 10b). The 26Mg of deep pore water 537 
falls within the same fractionation line as the stream (Fig. 10b), as expected if both had inputs from 538 
chlorite weathering. 539 
 540 
5.2.2 Mg contributions to the stream from different landscape units 541 
 542 
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The 26Mg of baseflow reflects the input of sources deeper than any of our sampled pore water, likely 543 
water flowing through bedrock fractures or at the bedrock-regolith interface where chlorite is actively 544 
dissolving (Section 5.2.1). Nonetheless, pore water may influence the δ26Mg signature of the stream 545 
during other stages of storm events, as has been found from water composition mixing models and 546 
hydrometric studies (Schellekens et al., 2004). The δ26Mg signature of this contribution would depend 547 
on the pathways followed by water before reaching the stream, as indicated by our data along the 548 
topographic profile showing differing δ26Mg in pore water over a relatively short lateral and vertical 549 
distance (Fig. 6). 550 
To investigate if the pore water 26Mg variation in the landscape would affect the stream 551 
composition, we performed a simple mass balance assuming that our pore water profiles are 552 
representative of the pore water composition by landscape unit in the whole catchment (B1S1= ridges, 553 
B1S2 = slopes and B1S4 = valleys): 554 
#3?@ = =A ∙ #36 + =4 ∙ #34 + =B ∙ #3B   (3) 555 
where δ26MgPW is the overall Mg isotopic composition of pore water in the regolith, and fs, fr, fv are 556 
the fraction of Mg that comes from pore water held in the slopes, the ridges, and the valleys, 557 
respectively (Eq. S2). The parameters we used and the estimated fractions of Mg from each landscape 558 
unit are summarised in Table 4 and explained in more detail in the supplementary material. We tested 559 
the mass-balance Eq. (3) under two scenarios. First, we assume the main contributor to the stream 560 
solutes during storm events is water flowing via macropores in the upper 20 cm of the regolith, as 561 
proposed by previous studies in the Bisley catchments (Schellekens et al., 2004; McDowell et al., 562 
1992), which we call subsurface shallow flow (SSF). Then we use the same set of equations, but we 563 
assume pore water from the entire augerable regolith contributes to the stream Mg (Table 4). 564 
Under  the first scenario, we estimate that SSF that reaches the stream would have [Mg] = 34.8 565 
µM L− 1 and δ26Mg = − 0.70‰ (Table 4), similar to the δ26Mg of the stream at the peaks of the storm 566 
(− 0.74‰), but with a high [Mg] more alike baseflow (45.8 µM L− 1, Fig. 11). This apparent 567 
contradiction is probably due to the fact that riparian zones in this site are often saturated (Stallard, 568 
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2012). Indeed, if we exclude the valley site (B1S4) from Eq. (3) we obtain [Mg] = 21.6 µM L− 1 and 569 
δ26MgSSF = − 0.78‰, within error of the δ26Mg of the stream at the peak of the storm and a more 570 
reasonable Mg concentration, suggesting that SSF possibly bypasses pore water in the valleys, which 571 
have the heaviest δ26Mg (− 0.55‰) at the surface samples of all sites (Fig. 6). Field observations 572 
support this argument, as quick flow springs form gullies at slope positions before reaching the 573 
valleys (e.g., Schellekens et al., 2004). 574 
Under the assumption of water flow through the entire augerable regolith, we obtain a similar 575 
[Mg] than for SSF but higher δ26Mg (− 0.44‰; Table 4). An interesting insight from this model is 576 
that whereas in terms of surface the slopes are by far the predominant physiographic unit in the 577 
catchment, in terms of dissolved Mg reservoirs ridges are more important due to their deeper regolith 578 
and thus higher capacity to store water (Table 4). Figure 11 also shows that if pore water Mg from the 579 
whole catchment became well mixed before reaching the stream, it would contribute to the Mg budget 580 
during the intermediate stages of the storm. If it remained differentiated by following different 581 
pathways to the stream, the ridges would contribute during the intermediate stages and the slopes 582 
during the high stages of the storm (Fig. 11). 583 
 584 
5.3 Magnesium mass balance of the catchment and weathering rates 585 
Our estimation of the size of the different long-term (annual to decadal scale) Mg pools and fluxes in 586 
this catchment are summarised in Table 5. Most of them are in agreement with previously published 587 
values (McDowell, 1998; Porder et al., 2015), except the regolith pools, which are somewhat higher 588 
due to the fact that other studies only consider the top meter whereas we considered the entire 589 
augerable regolith. Among the relatively mobile pools, the exchangeable fraction is by far the largest, 590 
followed by the vegetation (Table 5). 591 
Export from watersheds as solid, rather than dissolved, phase may represent an additional 592 
source or sink of Mg and fractionate isotopes during ion exchange with the dissolved load in a river 593 
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(e.g., Dellinger et al., 2014; Tipper et al., 2012b; Bouchez et al., 2013), and this mechanism is likely 594 
involved in the short-term 26Mg − [Mg] balance of our stream (Section 5.2.1). However, although we 595 
did not sample such solid phase components (suspended solids, coarse particulate organic matter, and 596 
bed sediment) in our study, the suspended sediment concentrations are very low in the volcaniclastic 597 
watersheds of the LCZO, with most dissolved constituents including Mg known to be derived from 598 
bedrock weathering or atmospheric deposition at the decadal time scale (Stallard and Murphy, 2012). 599 
Likewise, the flux of coarse particulate organic matter (i.e., leaves, wood and other plant material) 600 
represents only 0.00242 kg ha − 1 yr − 1 of Mg flux out of the Bisley catchments (Heartsill Scalley et 601 
al., 2012), which is negligible compared to the 60 kg ha − 1 yr − 1 of dissolved Mg flux (McDowell, 602 
1998). Streambed sediments are also unlikely to contribute significant Mg, as the streams in the 603 
volcaniclastic catchments of the LCZO are characteristically lined with bedrock, boulders or cobbles, 604 
with little bed sediment (Murphy and Stallard, 2012). Finally, ionic exchange or sorption into the 605 
regolith before runoff reaches the stream are also unlikely to be an important sink or source of Mg at 606 
the decadal time scale, because it is dominated by 1:1 type clays (Buss and White 2012; Dosseto et 607 
al., 2012), which have very low cation exchange capacity. 608 
After these considerations, a mass balance for Mg in the whole catchment, assuming there are 609 
no water outputs other than the stream, can be written as:  610 
CD +CE + CFG +CHI45 = CB + C     (4) 611 
where Qp is openfall, QL is litter decomposition, QBR is the dissolution of the bedrock, Qdust is the dust 612 
solid load not included in the openfall  samples, Qv is uptake by vegetation and Q is the stream export. 613 
We consider litter decomposition and vegetation uptake to be in steady state (Scatena et al., 1996), 614 
and thus Eq. (4) is simplified to: 615 
CD +CFG + CHI45  = C     (5) 616 
Substituting the values of Qp, Qdust and Q from Table 5 into Eq. (5) and solving for QBR, we can 617 
estimate a flux of 35 kg ha − 1 yr − 1 (or 1440 mol ha − 1 yr − 1) of Mg from bedrock dissolution, making 618 
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it the largest input to the stream (Table 5) as has been found in larger streams within the LZCO 619 
(Stallard and Murphy, 2012, and references therein). This result highlights the importance of deeper 620 
critical zone pathways for Mg fluxes in areas covered by thick, highly leached regolith. The fact that 621 
[Mg] in pore water and the exchangeable fraction within the rooting zone are dominated by rain 622 
inputs (Section 5.1), whereas the [Mg] in the stream is dominated by bedrock dissolution at depth 623 
(Section 5.2.1), is consistent with a decoupling between the water that is taken up by the vegetation, 624 
and the water that reaches the streams (McDonell, 2014; Evaristo et al., 2015), although the source of 625 
Mg seems to be even deeper than suggested by δ18O and δ2H studies (Evaristo et al., 2016). 626 
Using the abundance of chlorite in the bedrock (Buss et al., 2013), its Mg content (Table S2), 627 
and assuming all Mg-bearing minerals are dissolving either congruently or have non-Mg bearing 628 
clays as the product (e.g., kaolinite), we can use the bedrock dissolution Mg flux (Table 5) to estimate 629 
that chlorite dissolves roughly at 19 kg ha − 1 yr − 1 (763 mol ha − 1 yr − 1) in this catchment. Because of 630 
the several assumptions we made, these rates are likely to represent upper limits. Nevertheless, as a 631 
first order approximation, our chlorite weathering rate is an order of magnitude faster than the highest 632 
published watershed-scale dissolution rates for other ferromagnesian silicates (biotite = 26 mol ha − 1 633 
yr − 1, Mast et al., 1990; hornblende = 24 mol ha-1 yr − 1, Williams et al., 1993). This result illustrates 634 
that chemical weathering rates in tropical critical zones are fast relative to rates in temperate zones 635 
(e.g., Dosseto et al., 2012), leading to their comparatively greater contribution to global silicate 636 
weathering fluxes to the oceans (Stallard and Edmond, 1983; Meybeck, 1987; Rad et al., 2007). 637 
 638 
5.4 Implications for the evolution of Mg isotope exports from silicate catchments 639 
 640 
Our results indicate that the flux of Mg through deeper pathways in the critical zone could be 641 
comparatively more important than through shallow pathways in highly weathered sites (Sections 642 
5.2.1 and 5.3), but we note that variable degrees of weathering (Fig. 3b) may lead to differences in 643 
pore water δ26Mg within the same catchment (Fig. 6). This relationship between 26Mg and degree of 644 
weathering is consistent with previous work (Fig. 12). Although more studies are clearly needed, 645 
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especially at intermediate weathering stages, here we put forward a conceptual model of the evolution 646 
of the Mg isotopic composition of silicate catchments based on the relation between 26Mg and 647 
regolith chemical depletion (CIA) observed thus far (Fig. 12): 648 
1) Incipient weathering stage (fractured bedrock or thin, young soils; CIA<20). The rock has just 649 
been exposed to chemical weathering (Tipper et al., 2012b), and fast-reacting minerals are 650 
still available (Trostle et al., 2014). The regolith has a Mg isotopic composition similar to the 651 
bedrock. Dissolution of fast-reacting primary minerals is the main control on the δ26Mg 652 
signature of the streams, which thus can be heavier or lighter than the bedrock.  653 
2) Advanced weathering stage (bedrock-saprolite interfaces on fully developed profiles; 654 
50<CIA<80). The regolith is constituted mainly of 2:1 secondary clays, oxides, and some 655 
remaining primary minerals, and has Mg isotope ratios heavier than the bedrock (Bolou-Bi et 656 
al., 2012; Opfergelt et al., 2012). Atmospheric inputs start to be an important source of Mg 657 
(Opfergelt et al., 2012). The streams have lower δ26Mg than the bedrock they drain due to 658 
secondary minerals preferentially holding 26Mg, but they can reflect the dissolution of 659 
primary minerals during baseflow. 660 
3) Extreme weathering stage (deep, highly weathered regolith; CIA>80). The regolith has very 661 
low cation exchange capacity (CEC) because it is comprised mostly of 1:1 clays and Fe, Mn, 662 
Al (hydr)oxides below their point of zero charge. Atmospheric inputs, changes in redox 663 
conditions within the regolith, and hydrological factors become comparatively more 664 
important (this work; Dessert et al., 2015; Liu et al., 2014). The bulk regolith has a high 665 

26Mg, but little influence on the δ26Mg of the streams. The δ26Mg signature of the streams is 666 
thus very similar to the previous stage, with a δ26Mg signature similar or slightly higher than 667 
the bedrock during baseflow and 26Mg fluctuations reflecting varying rain inputs. 668 
We also note that the Mg isotopic composition of streams and rivers remains essentially 669 
constant after about 75% chemical depletion (CIA) of the regolith, despite continuing increase in the 670 
regolith δ26Mg values (Fig.12). 671 
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Ultimately, the δ26Mg of the streams will depend on access to reactive minerals and flow paths, 672 
which in turn, largely depend on the physical properties of the catchment. Our study thus highlights 673 
the need for a good understanding of the local geo-hydrological setting to narrow the geochemical 674 
hypotheses, while also illustrating how geochemical observations (Mg isotope ratios in this case) can, 675 
in turn, give insight into the water pathways and on the subsurface architecture of the critical zone. 676 
 677 
6. CONCLUSIONS 678 
To better understand the effects of critical zone processes on Mg concentrations and the Mg isotopic 679 
signature of streams in the tropics, we studied a well constrained, highly weathered volcaniclastic 680 
catchment in the Luquillo Critical Zone Observatory, Puerto Rico. As hypothesised, the general depth 681 
trend of pore water δ26Mg is consistent with rain inputs at the surface and bedrock weathering at the 682 
base of the profile, despite the fact that this trend is not clearly expressed in rain-corrected Mg 683 
concentrations. Contrary to what we expected, most Mg in pore water is sourced from rain, 684 
highlighting the importance of atmospheric inputs to nutrient budgets in tropical sites. However, 685 
binary mixing between rainfall and weathering end-members is insufficient to explain the relationship 686 
between [Mg] and δ26Mg in pore water, indicating that a fractionation process is also taking place, 687 
interpreted to be the preferential retention of heavy 26Mg into secondary minerals. A separate 688 
fractionation process is evidenced by a ~ 0.11‰ shift in δ26Mg towards heavier values at ~ 1 m depth, 689 
coinciding with redoximorphic features and a correlation between [Mg] and δ26Mg in the bulk 690 
regolith and the exchangeable fraction with Fe(III)-(hydr)oxide contents; we interpret this isotopic 691 
excursion to represent the release of sorbed, isotopically heavy Mg from Fe(III)-(hydr)oxides during 692 
periodic reducing conditions. Overall, pore water [Mg] and 26Mg data are consistent with control by 693 
rainwater infiltration and geochemical reactions within the regolith on the short - term. 694 
The relative importance of the Mg-controlling processes in shallow samples differs over the 695 
time scales studied. Whereas [Mg] and δ26Mg data in pore water and the exchangeable fraction 696 
indicate that rain is the predominant source of Mg in the surface up to approximately decadal time 697 
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scales, at the longer time scale represented by the bulk regolith dust is the dominant Mg source to the 698 
shallow critical zone. Bedrock weathering is the predominant source of Mg at depth over all the time 699 
scales. 700 
Pore water depth profiles along a topo-sequence show the same trend from lower to higher 701 
26Mg and [Mg] contents with increasing depth, but shallower, less-weathered sites have higher [Mg] 702 
and 26Mg than the ridgetop site. We used these values to estimate the composition of pore water 703 
from the whole catchment exported to the stream under two flow path scenarios. These calculations 704 
suggest that i) flow paths that export Mg to the stream largely bypass the valley regolith; ii) shallow 705 
flow may contribute to the stream during the peaks of storm events but not during base flow; and iii) 706 
whereas slopes are the largest unit of the catchment by area, ridges are the largest pore water Mg 707 
reservoir. 708 
During baseflow, the stream is isotopically heavier than pore water from any depth and the bulk 709 
bedrock, indicating that sources other than rain, bulk bedrock dissolution and pore water contribute 710 
Mg to the stream. In situ analysis of the δ26Mg of the bedrock minerals indicated preferential chlorite 711 
dissolution at depth as the most plausible isotopically heavy source of Mg to the stream. This result 712 
underscores a need for a better understanding of deep critical zone processes, which are 713 
comparatively more important for watershed chemical budgets when surficial pools are exhausted by 714 
extreme weathering. 715 
Altogether, our study highlights the importance of atmospheric inputs of nutrients to tropical 716 
ecosystems (rain on shorter time scales and dust on longer time scales), whereas the dissolution of 717 
primary minerals in the deep critical zone dominates Mg fluxes and the Mg isotope signature of the 718 
stream, even at the advanced weathering stage of this catchment. 719 
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Figure captions 1061 
 1062 
Figure 1. Location, general lithology and main watersheds of the Luquillo Critical Zone Observatory. Our field 1063 
site is located over the volcaniclastic bedrock, in Bisley 1 watershed. The sampling sites used for this study are 1064 
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depicted in the right-hand map. W1=bedrock drilling site; S1, S2, S3, S4=pore water sampling sites B1S1, 1065 
B1S2, B1S3 and B1S4. 1066 
 1067 
Figure 2. Concentration of Mg with depth in the ridgetop site (B1S1) in: a) pore water, b) exchangeable fraction 1068 
(from Buss et al., 2017), and c) bulk regolith. All Mg concentration profiles generally increase with depth. 1069 
 1070 
Figure 3. a) The fraction of parent rock Mg remaining in the weathered regolith of site B1S1 (fMg), as a function 1071 
of depth, estimated using Nb as an immobile element (Eq. 2), shows a typical depletion profile from the bottom 1072 
to 1.2 m depth. Above 1.2 m, Mg enrichment is evident towards the surface, although regolith Mg content is 1073 
still 10% that of bedrock. b) Comparison of the degree of weathering in the different sites of this study, using 1074 
the Weathering Index of Parker (WIP) as for Eq. (3). Fresh rocks should have WIP>100, whereas a completely 1075 
weathered sample would have WIP=0. The ridgetop site (B1S1) is the most altered, whereas the valley site 1076 
(B1S4) is the least. 1077 
 1078 
Figure 4. Concentrations of Mg in pore water during 2008 in samples taken about every two months (open 1079 
circles), and average value (closed circles). Mg that does not come from rain (Mg*), or ‘rain-corrected’, was 1080 
estimated using the chlorine balance method as per White et al. (2009). Note that a similar graph appears in 1081 
Chapela Lara et al. (2014), but Mg concentrations were given in the wrong units. 1082 
 1083 
Figure 5. Pore water, exchangeable and bulk regolith δ26Mg as a function of depth in the ridge top profile 1084 
(B1S1). The error bar is 2sd from sea water 26Mg, as a measure of our overall uncertainty (− 0.07‰). 1085 
Vegetation, rain and bedrock values are provided for reference (depth arbitrary). The shaded area represents the 1086 
bedrock values±2sd. 1087 
 1088 
Figure 6. Mg isotopic composition of pore water in profiles along the topo-sequence from ridge top to the 1089 
riparian zone. Bedrock (B1W2-1-2), tabonuco bark, and rain are shown for reference (depth arbitrary). The 1090 
slope transect covers an elevation gradient of ~18 m. Note the different scale in the X-axis for B1S1. The error 1091 
bar is 2sd of seawater 26Mg (0.07‰). Modified from Chapela Lara et al. (2014). 1092 
 1093 
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Figure 7. Stage of water, Mg and δ26Mg values in the Bisley 1 stream during a storm event. 2sd is about the size 1094 
of the symbols. Modified from Chapela Lara et al. (2014). 1095 
 1096 
Figure 8. Mg isotopic compositions of bedrock minerals analysed in situ by femtosecond laser ablation MC-1097 
ICP-MS on a thin section of sample B1W2-2-2. Error bars are 2SE. The horizontal line is the mean value of the 1098 
bedrock samples analysed by solution MC-ICP-MS (open symbols), within the uncertainty of that method 1099 
(shaded area). Bulk solution MC-ICP-MS analyses of samples B1W2-2-2 and B1W2-6-2 (open circle and 1100 
square, respectively) are compared to fsLA-MC-ICP-MS analyses (closed circles and squares) of the same 1101 
sample powders fused to a glass. 1102 
 1103 
Figure 9. Magnesium isotope ratios of a) bulk regolith and b) the exchangeable fraction, compared to the 1104 
abundance of Fe(III) minerals detected by XRD (goethite+hematite) and total iron contents (e); Mg contents in 1105 
the exchangeable fraction compared with c) total iron and (d) Fe(III) minerals detected by XRD; f) number of 1106 
bacterial cells vs. pore water δ26Mg. All data are from the ridgetop site. The error bar represents the external 1107 
uncertainty of δ26Mg=0.07‰. a Values from Buss et al. (2017) and b Liermann et al. (2014). 1108 
 1109 
Figure 10. Comparison of the stream samples and two fractionation models, using the average δ26Mg of chlorite 1110 
(+ 0.19‰) as the starting material. Several Δi,s values and deep pore water from site B1S1 (PW) are shown for 1111 
comparison. a) Rayleigh fractionation model, the best fit to the data is for  Δi,s between+ 0.50‰ and + 0.95‰ 1112 
(Suppl. material). b) Steady state fractionation model, the separation factor (Δi,s = + 1.15‰) is obtained by 1113 
solving Eq. (3). Error bars are our external error of 0.07‰ for the solution ICP-MS method for stream samples, 1114 
and 2sd of chlorite measurements by laser ablation (Table 3). 1115 
 1116 
Figure 11. Mg and δ26Mg of all the water samples of this study. The blue arrow is the linear trend of the stream 1117 
samples (r2 = 0.98), pointing from baseflow to the peak of the storm. The [Mg] and 26Mg of pore water from 1118 
each landscape unit was calculated using Eqs. 3 and S2 (Table 4). Horizontal lines represent the average δ26Mg 1119 
of chlorite, the bedrock and the rain. SSF = subsurface flow, the pore water flowing through the upper 20 cm of 1120 
the regolith. 1121 
 1122 
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Figure 12. Comparison of the degree of weathering of the regolith and the difference in δ26Mg between the 1123 
bedrock and streams, pore water and bulk regolith in silicate catchments. Samples from this work are depicted 1124 
as closed symbols (pore water from site B1S1). CIA=100*(Al/(Al+Na+Ca+Mg)), with CIA=0 meaning a rock 1125 
is not altered and CIA=100 meaning it is completely weathered. Mg isotope ratios are from Bolou-Bi et al. 1126 
(2012), Dessert et al. (2015), Liu et al. (2014), Opfergelt et al. (2012), Teng et al. (2010) and Tipper et al. 1127 
(2012b); only the minimum and maximum δ26Mg values of the streams are given for each site. Where not given 1128 
in the aforementioned references, the chemical alteration index is taken or calculated from Bernasconi et al. 1129 
(2011), Clergue et al. (2015), and Henriet et al. (2008). 1130 
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GCA-D-16-00085 Revision 3 
Tables 1132 
 1133 
 1134 
Table 1. General characteristics of the Bisley 1 catchment 1135 
Characteristic  Reference 
Area 6.7 ha = 0.067 km2  
Elevation a 261 to 410 masl   
Mean annual 
precipitation 
3678±725 mm yr − 1 Gioda et al. (2013) 
Mean daily temperature 24 ± 0.5 °C Gioda et al. (2013) 
Vegetation Tabonuco forest (Dacryodes excels), sierra palm and 
ferns 
Scatena (1989) 
Soil type Oxisols and Ultisols (US Soil Taxonomy); Ferralsols 
and Acrisols (WRB);  0.5 m to 1 m thick 
Huffaker (2002) 
Mineralogy (wt.%)b   
Regolithc Disordered kaolinite: 30-82 wt%, microcrystalline Qz: 
12-29 wt%, halloysite: 9-24 wt%; illite: 7-12 wt%; 
oxides: 2.5-9 wt% (goethite > gibbsite > hematite); 
minor Amp, Px, and Plg. 
Buss and White (2012); 
Dosseto et al. (2012); 
Porder et al. (2015) 
Regolith/bedrock 
transition 
K-spar ~ 3%, Mg-rich chlorite ~ 10% Buss and White (2012) 
Bedrock 
 
Plg = 36%, Chl = 23%, Qz =10%, Px = 9%, Amp = 
4%, epidote = 8%, K-spar = 6%, prehnite = 2%, Bt 
<1%, illite = 1%, kaolinite < 1% 
Buss et al. (2013, 2017) 
Bedrock weathering rate 334 mm ky − 1 Dosseto et al. (2012) 
a masl=meters above sea level. 1136 
bPlg = plagioclase, Qz = quartz, Chl = chlorite, Px = pyroxene, Amp = amphibole, K-spar = potassic feldspar, Bt 1137 
= biotite.   1138 
cIncluding soil and saprolite. 1139 
 1140 
  1141 
  
46 
 
Table 2. Mg and δ26Mg values of samples and standards analysed for this study 1142 
Sample Depth Mg 
µM L − 1 
δ25Mg 2SE δ26Mg 2SE ∆25Mg’ 
n Units m ‰ ‰ ‰ ‰ ‰ 
Pore-water  
 
        
  
B1S1-0.5 0.15  6.0 -0.40 0.01 -0.77 0.03 0.00 3 
B1S1-0.5* 0.15   -0.45 0.03 -0.78 0.01 -0.05 2 
B1S1-1 0.30  31.1 -0.41 0.01 -0.78 0.00 0.00 2 
B1S1-2 0.61  18.8 -0.37 0.03 -0.68 0.02 -0.01 3 
B1S1-2* 0.61   -0.40 0.01 -0.70 0.03 -0.04 3 
B1S1-3 0.91  22.0 -0.36 0.02 -0.67 0.02 -0.01 3 
B1S1-4 1.22  14.8 -0.36 0.00 -0.70 0.01 0.00 2 
B1S1-4* 1.22   -0.36 0.02 -0.68 0.02 0.00 3 
B1S1-5 1.52  26.2 -0.38 0.00 -0.76 0.00 0.01 2 
B1S1-5* 1.52   -0.40 0.01 -0.77 0.01 -0.02 2 
B1S1-6 1.82  15.3 -0.35 0.01 -0.73 0.03 0.01 2 
B1S1-6* 1.82   -0.41 0.02 -0.72 0.01 -0.03 4 
B1S1-14 4.27  44.4 -0.24 0.02 -0.41 0.00 -0.02 2 
B1S1-30.5 9.30  42.3 -0.12 0.02 -0.22 0.01 0.01 3 
B1S2-0.5 0.15  26.2 -0.40 0.02 -0.79 0.02 0.01 3 
B1S2-1 0.30  25.0 -0.45 0.02 -0.86 0.00 0.00 3 
B1S2-2 0.61  11.6 -0.39 0.02 -0.72 0.02 -0.02 2 
B1S2-3 0.91  14.8 -0.38 0.01 -0.68 0.01 -0.03 2 
B1S2-3* 0.91   -0.38 0.01 -0.71 0.00 -0.01 3 
B1S2-4 1.22  13.4 -0.46 0.01 -0.80 0.01 -0.04 2 
B1S2-6 1.83  13.9 -0.34 0.03 -0.62 0.01 -0.01 3 
B1S2-6* 1.83   -0.27 0.02 -0.55 0.01 0.02 3 
B1S2-9 2.74  13.3 -0.30 0.02 -0.54 0.01 -0.02 3 
B1S3-0.5 0.15  25.3 -0.41 0.01 -0.75 0.01 -0.03 3 
B1S3-0.5* 0.15   -0.40 0.03 -0.72 0.01 0.00 2 
B1S3-0.5** 0.15   -0.41 0.04 -0.79 0.00 -0.01 2 
B1S3-1 0.30  14.2 -0.41 0.00 -0.74 0.00 -0.03 1 
B1S3-1* 0.30   -0.40 0.01 -0.71 0.00 -0.03 2 
B1S3-2 0.61  11.5 -0.37 0.01 -0.65 0.04 -0.01 2 
B1S3-3 0.91  33.9 -0.34 0.02 -0.61 0.01 0.01 3 
B1S3-3* 0.91   -0.29 0.01 -0.57 0.00 -0.03 2 
B1S3-5 1.52  19.8 -0.36 0.02 -0.64 0.01 -0.02 3 
B1S3-5* 1.52   -0.33 0.05 -0.58 0.00 -0.03 3 
B1S4-0.5 0.15  51.2 -0.33 0.04 -0.59 0.02 -0.03 3 
B1S4-0.5* 0.15   -0.31 0.00 -0.59 0.00 -0.01 1 
B1S4-1 0.30  37.9 -0.27 0.03 -0.51 0.03 -0.01 3 
B1S4-1* 0.30   -0.27 0.02 -0.52 0.01 0.00 3 
B1S4-1** 0.30   -0.30 0.01 -0.51 0.01 -0.04 3 
B1S4-2 0.61  56.3 -0.24 0.01 -0.38 0.02 -0.04 2 
B1S4-3 0.91  67.9 -0.20 0.02 -0.34 0.07 -0.03 2 
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Rain (openfall)  
 
      
BOF 
 
  -0.57 0.00 -1.10 0.05 0.00 2 
LQR3 
 
  -0.51 0.03 -0.93 0.02 -0.03 2 
LQR3* 
 
  -0.49 0.03 -0.92 0.02 -0.01 2 
Exchangeable fraction            
   
 mmol kg-1 
      
B1S1 61 0.61  1.47 -0.25 0.03 -0.47 0.03 -0.01 3 
B1S1 61* 0.61   -0.24 0.03 -0.42 0.04 0.00 3 
B1S1 183 1.83  1.19 -0.19 0.02 -0.35 0.02 -0.01 2 
B1S1 183* 1.83   -0.17 0.03 -0.27 0.02 -0.01 2 
B1S1 305 3.05   -0.21 0.03 -0.28 0.02 -0.06 3 
B1S1 427 4.27   -0.21 0.01 -0.33 0.02 -0.04 3 
B1S1 549 5.49  1.91 -0.16 0.06 -0.29 0.01 -0.01 2 
B1S1 640 6.40  2.69 -0.09 0.04 -0.20 0.04 0.01 2 
B1S1 640* 6.40   -0.07 0.08 -0.13 0.05 0.00 2 
B1S1 762 7.62  4.13 -0.10 0.01 -0.19 0.03 0.00 3 
B1S1 853 8.53  7.13 -0.02 0.05 -0.08 0.03 0.02 3 
B1S1 853* 8.53   -0.08 0.02 -0.14 0.01 0.00 2 
B1S1 929 9.29  10.06 -0.16 0.02 -0.29 0.01 -0.01 3 
 
Bulk regolith  
 
      
 
 MgO 
wt.%       
B1-061 0.61  0.29 0.04 0.01 0.10 0.02 -0.01 3 
B1-091 0.91  0.29 
      
B1-122 1.22  0.23 0.06 0.01 0.12 0.05 -0.01 2 
B1-152 1.52  0.24 0.03 0.01 0.07 0.00 -0.01 3 
B1-183 1.83  0.45 0.21 0.03 0.37 0.02 0.02 2 
B1-274 2.74  0.48 0.11 0.05 0.19 0.02 0.01 2 
B1-305 3.05  0.53 
      
B1-366 3.66  0.51 
      
B1-427 4.27  0.54 0.09 0.04 0.17 0.04 0.00 2 
B1-488 4.88  0.62 
      
B1-549 5.49  0.60 
      
B1-640 6.40  0.61 0.04 0.03 0.10 0.03 -0.01 2 
B1-701 7.01  0.81 -0.01 0.10 0.01 0.02 -0.01 2 
B1-762 7.62  0.77 0.03 0.05 0.07 0.04 0.00 2 
B1-823 8.23  0.80 0.07 0.05 0.15 0.02 -0.01 2 
B1-853 8.53  0.66 -0.01 0.04 -0.01 0.03 0.00 2 
B1-929 9.29  1.42 -0.02 0.04 -0.07 0.03 0.02 2 
Drilled bedrock  
 
      
B1W2-1-2 4.4  5.8 -0.09 0.01 -0.17 0.01 0.00 3 
B1W2-2-2 6.4  5.0 -0.05 0.02 -0.08 0.04 -0.02 4 
B1W2-6-2 12.0  5.2 0.00 0.04 -0.05 0.03 0.02 3 
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Tabonuco bark  0.5 -0.42 0.00 -0.72 0.04 -0.05 2 
 
Stream water during a storm event 
 
     
 
 
Time Stage Mg δ25Mg 2SE δ26Mg 2SE ∆25Mg’ 
n 
 hh:mm m µM L − 1 ‰ ‰ ‰ ‰ ‰ 
StrB62 09:51 0.52 10.63 -0.43 0.02 -0.74 0.03 -0.04 3 
StrB63 10:07 0.43 14.89 
      
StrB64 10:18 0.37 17.34 -0.30 0.03 -0.57 0.02 0.00 2 
StrB65 10:31 0.34 23.93 -0.24 0.01 -0.47 0.01 0.01 2 
StrB65* 10:31 0.34 23.93 -0.24 0.00 -0.44 0.01 -0.01 3 
StrB66 10:50 0.32 28.50 -0.18 0.03 -0.32 0.02 -0.02 3 
StrB67 11:12 0.52 12.86 
      
StrB68 12:41 0.34 26.94 -0.25 0.02 -0.45 0.02 -0.02 3 
StrB61 15:35 0.28 45.76 0.01 0.02 0.01 0.03 0.00 3 
          
 
Reference Materials          
 
 
 
 δ25Mg 2SE δ26Mg 2SE ∆25Mg’ 
n 
 
 
  ‰ ‰ ‰ ‰ ‰ 
Soil pore water (B1S1) -0.41 0.01 -0.77 0.01 -0.01 14 
CAM-1 
 
  -1.32 0.01 -2.56 0.01 0.01 54 
Seawater 
 
  -0.45 0.02 -0.85 0.02 -0.01 13 
BCR-2 
 
  -0.17 0.04 -0.29 0.08 -0.02 3 
BHVO-2 
 
  -0.10 0.01 -0.20 0.03 0.00 2 
*Duplicate.  **Triplicate. 
2SE = two times the standard error; n = number of measurements by ICP-MS. 
∆25Mg’ is the deviation from the predicted equilibrium mass-dependent fractionation law (slope = 0.521; Young and Galy, 
2004). 
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Table 3. Mg isotopesa, and Mg and Al concentrationb analyses by fsLA-MC-ICP-MS 
Analysis 
ID 
Material 
type 
δ26MgDSM-3 2SE δ25MgDSM-3 2SE   Si (IS) Al 2SE Mg 2SE 
‰  ‰   wt% wt%  wt%  
      
  
  
      
  
  
  
  
Sample B1W2-2-2 - single mineral grains analysed by fsLA-MC-ICP-MS             
P1 Pyroxene -0.18 0.19 -0.04 0.11   24.20 1.02 0.02 9.13 0.11 
P8 Pyroxene -0.28 0.15 -0.17 0.09   24.20 1.76 0.04 9.89 0.13 
P9 Pyroxene -0.28 0.21 -0.21 0.12   24.20 1.05 0.03 8.40 0.11 
P16 Pyroxene -0.05 0.11 -0.03 0.07   24.20 1.15 0.02 10.46 0.13 
P17 Pyroxene -0.02 0.10 0.03 0.07   24.20 1.13 0.03 8.75 0.11 
  mean -0.16   -0.09       1.22   9.33   
  2SD (n=5) 0.24   0.20       0.61   1.69   
                        
P14 Amphibolec -0.49 0.22 -0.31 0.14   25.29 2.36 0.06 9.89 0.16 
Chl1 Amphibolec -0.36 0.15 -0.19 0.10   25.29 2.92 0.10 9.14 0.14 
P18 Amphibolec -0.14 0.12 -0.07 0.07   25.29 3.83 0.11 7.32 0.11 
  mean -0.33   -0.19       3.04   8.78   
  2SD (n=3) 0.36   0.25       1.49   2.64   
                        
Chl4 Chlorite 0.16 0.16 0.08 0.09   13.74 9.73 0.21 9.73 0.24 
Chl7 Chlorite 0.07 0.20 0.08 0.12   13.74 7.71 0.18 6.42 0.16 
C10 Chlorite 0.10 0.21 0.08 0.12   13.74 9.94 0.21 11.53 0.24 
C11 Chlorite 0.24 0.27 0.09 0.15   13.74 7.53 0.19 7.45 0.16 
C12 Chlorite 0.12 0.22 0.11 0.13   13.74 9.10 0.22 9.29 0.16 
C14 Chlorite 0.21 0.22 0.08 0.12   13.74 9.80 0.22 10.64 0.17 
C15 Chlorite 0.40 0.22 0.22 0.13   13.74 9.82 0.22 10.25 0.16 
C16 Chlorite 0.24 0.17 0.09 0.11   13.74 9.47 0.21 10.75 0.17 
C17 Chlorite 0.21 0.19 0.08 0.11   13.74 9.47 0.20 10.95 0.15 
  mean 0.19   0.10       9.18   9.67   
  2SD (n=9) 0.20   0.09       1.84   3.40   
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Sample powder fused to glass by Ir strip heater and analysed by fsLA-MC-ICP-MS         
B1W2-2-2 mean 0.08   0.06     24.50 8.91   3.05 24.50 
  
2SD (n=2) 0.03   0.03       0.09   0.03   
  
        
  
            
B1W2-6-2 mean 0.02   0.01     24.50 8.56   3.06 24.50 
  
2SD (n=6) 0.17   0.16       0.10   0.04   
      
  
  
    
    
  
  
  
Reference values from bulk solution MC-ICP-MS (Table 2)      Concentration reference values (Table S1) 
B1W2-2-2 mean -0.08   -0.05      24.68 9.00    3.03   
  2SD (n=4) 0.02   0.06     1.23  0.45     0.15   
            
  
 
B1W2-6-2 mean -0.05 
 
0.00 
  
25.25 8.90 
 
3.15 
 
  2SD (n=3) 0.05 
 
0.06 
  
1.26 0.45 
 
0.16 
 
          
    
          
BHVO-2G basalt glass reference material analysed by fsLA-MC-ICP-MS             
  mean -0.17 
 
-0.10 
  
23.05 7.05 
 
4.28 
 
  2SD (n=26) 0.25 
 
0.12 
   
0.36 
 
0.15 
 
                        
BHVO-2 reference values (published)                   
 
mean -0.22 
 
-0.11 
  
23.05 7.20 0.05 4.30 0.01 
 
2SD 0.09 
 
0.06 
    
 
 
 
a
 Analysis by Neptune MC-ICP-MS (wet plasma, Jet+X-cone, high-resolution mode) coupled to fsLA: line scan with 25 µm laser spot (1 
J/cm²), bracketing with MPI DING GOR132-G (presented data recalculated to DSM-3 scale). 
2SE is the internal counting statistical uncertainty of individual analysis. However, repeat analyses of BHVO-2G and comparison to the 
published reference values indicate an uncertainty estimate of better than 0.25‰ (2SD) for δ26Mg and 0.12‰ (2SD) for δ25Mg of the laser 
ablation data. 
b
 
27Al and 28Si signals measured simultaneously with Mg isotopes during laser ablation; calibration for concentrations via GOR132-G using 
28Si as internal standard (IS). 
Repeat analyses of BHVO-2G and comparison to the published reference values indicate a relative uncertainty estimate of better than 5% 
(2RSD) for Al and Mg concentrations. 
c
 Amphiboles were highly altered and therefore the laser ablation analyses do not represent pure amphibole, also indicated by the higher grain-
to-grain variability. 
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 1 
Table 4. Calculation of stream water [Mg] and δ26Mg based on different flow paths 2 
 
Area Area Depth* fMg Mg δ26Mg 
 
ha fraction m 
 µmol L-1 ‰ 
 Subsurface shallow flow water (SSF)   
Ridges 0.15 0.23 0.2 0.11 13.9 − 0.77 
Slopes 0.37 0.55 0.2 0.47 24.3 − 0.79 
Valleys 0.15 0.22 0.2 0.42 52.5 − 0.59 
 Calculated pore water composition: 34.8 − 0.70 
 
Whole regolith pore water   
Ridges 0.15 0.23 16.0 0.65 23.9 − 0.37 
Slopes 0.37 0.55 3.0 0.24 17.2 − 0.67 
Valleys 0.15 0.22 1.0 0.11 56.2 − 0.40 
 Calculated pore water composition: 30.4 − 0.44 
Water content set constant to 28%.  
Full calculation procedure in the supplementary material, page 2. 
* Area under a concentration vs. depth curve. 
 3 
 4 
Table 5. Pools, fluxes, and isotopic composition of Mg into, out of, and within the Bisley 1 catchment 5 
 
Mg δ26Mg (‰) 
Fluxes (kg ha − 1 yr − 1)  
Rainfall 13 a − 0.92 to − 1.10 
Litterfall 16 b, 19 c  
Saharan dust 3 d − 0.22 
Bedrock dissolution 35 e 
−  0.10 
Chlorite dissolution 19 f + 0.19 
Stream dissolved load 51 a − 0.57 to + 0.01 
   
Pools (kg ha − 1) 
 
Vegetation 192 g − 0.72 
Pore water 32 to 57 h − 0.86 to − 0.14 
Regolith exchangeable fraction 13690 i − 0.47 to − 0.08 
Bulk regolith 150455 i − 0.07 to + 0.37 
a Our calculations, from LTER database long-term averages (Table S5). 
b
 McDowell and Asbury (1994). 
c
 Porder et al. (2015), calculated from Ostertag et al. (2003). 
d
 Our calculations, from dust flux in Pett-Ridge et al. (2009) and [Mg] in dust in 
Reid et al. (2003); δ26Mg is the average weighted value of the upper continental 
crust (Li et al., 2010). 
e From the catchment mass balance (Eq. 4); δ26Mg is the average value of measured 
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bedrock samples (Table 2). 
f From the catchment mass balance (Eq. 4), and the abundance of chlorite in the 
bedrock (Buss et al., 2013); δ26Mg is the average value of measured chlorite (Table 
3). 
g
 Scatena et al. (1993) from forest plots similar to ours but not exactly in the same 
location. 
h
 Our calculations, from landscape areas in Table 4, [Mg] in Table S5, and water 
content averaged from Buss et al. (2017) and Liermann et al. (2014). 
i
 Our calculations, using the regolith bulk density from Buss et al. (2017). 
 6 
 7 
 8 
